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Anomalous electron heat transport issue has been a long-standing issue and may be attributed by a 
small-scale turbulence such as electron temperature gradient (ETG) mode which can induce thermal 
energy losses even for the regime where the ion-gyroscale turbulence is suppressed in fusion grade 
plasmas. Magnetohydrodynamic (MHD) instabilities and turbulence of ion-gyroscale are relatively well 
understood while turbulence of the electron-gyroscale is not well known because of difficulty in the 
measurement of such small-scale turbulence. Hence, understanding and validation of the electron 
energy transport arisen from electron-gyroscale turbulence are essential for the magnetic confinement 
fusion research.  
  To measure such a small-scale turbulence in KSTAR plasma, a collective scattering system (CSS) 
has been developed. This diagnostic to simultaneously measures electron density fluctuations at four 
discrete high poloidal wavenumbers (kθ) utilizing 300 GHz (λ = 1mm) ordinary (O-mode) probe beam.  
The range of detectable poloidal wavenumbers is from ~14 to ~26 cm-1, which corresponds to 0.085 ≲ 
kθρe ≲ 0.16 for 1.8 T KSTAR plasmas with electron temperature (T𝑒𝑒 ) of 2 keV, where ρe is the 
electron gyroradius. The optical system with remote control capability is able to flexibly change the 
measurement location from the plasma core (r/a ~ 0.2) to outer edge (r/a ~ 1) on a shot-by-shot basis, 
where a is the minor radius. To extract phase information as well as the scattered beam power, the CSS 
employs a quadrature detection system consisting of four-channel detector array and electronics.  
Inphase and quadrature (IQ) signals from the electronics of 4 MHz bandwidth (determined considering 
the detectable poloidal wavenumbers and the poloidal rotation speed of KSTAR plasmas) are recorded 
by a digitizer at a nominal sampling rate 10 MS/s for full discharge pulse length. The spatial resolution 
is ~6-10 cm in the radial direction and ~1-2 cm in the poloidal direction. 
  Due to installation of second neutral beam injection (NBI) system, the microwave imaging 
reflectometer (MIR), developed for ion-gyroscale fluctuation measurement, had been moved to a 
narrow diagnostic port and shared with the CSS. For sharing a single port, a large-aperture strip-grid 
beam splitter was developed to effectively separate and combine the 300 GHz O-mode beam for the 
CSS and 78-96 GHz extraordinary (X-mode) beam for the MIR system mi9nimizing unavoidable power 
loss by the beam splitter. 
  The CSS was first installed in the middle of 2018 KSTAR campaign, and successfully commissioned 
in the 2018 and 2019 KSTAR campaigns. Initial measurement results had been obtained from various 
plasmas such as ohmic plasmas, low-confinement (L-mode) and high-confinement (H-mode) plasmas. 
vi 
However, it has to be noted that the CSS can measure large-scale MHD activities since it also works as 
an interferometer. As the 300 GHz probe beam and four scattered beams pass through the plasma 
entirely or partially, the measured signals are able to contain information of fluctuations from the large-
scale MHD activities. Therefore, one has to consider the interferometric contribution to the CSS data to 
avoid misinterpretation. 
  This thesis work describes the theory of scattering, design characteristics of the optical systems, 
configuration of overall systems, their laboratory test result and initial measurement results. Also, it 
shows that various physical parameters were calculated and considered to develop CSS suitable for 
KSTAR plasma research. The initial measurement results show that the turbulence decreases after the 
L-H transition as well known. In order to measure ETG turbulence in KSTAR plasmas, the experiments 
were performed to increase the electron temperature gradient. As the temperature increased, an increase 
in broadband turbulence was measured. In addition, turbulence moving in different poloidal directions, 
which is estimated as ITG and TEM turbulence in the H-mode plasma pedestal region, was 
simultaneously measured. 
  In the future, more intensive analyses of CSS data will be carried out for studies of physics associated 
with small scale turbulence such as characteristics of ETG or trapped electron mode (TEM) in KSTAR 
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1.1 Nuclear fusion energy 
Have you ever imagined a world without electrical energy? Since the invention of electricity, civilization has 
developed rapidly and human life has been enriched. However, the resources to produce electrical energy, such 
as oil, gas, coal and etc., are not limitless. In addition, they caused various problems such as global warming 
and environmental pollution. The depletion of these resources will become a huge problem for future 
generations. For this reason, human beings are steadily working on alternative energy research to solve these 
energy problems. Among them, nuclear fusion energy, the most efficient and infinite energy in the universe, is 
considered to be one of the next generation energy sources of mankind and active research is under way. 
  Tokamak is a toroidal plasma confinement device developed to study nuclear fusion energy. So far, studies 
have shown that using deuterium-tritium (D-T) reaction which produce an alpha particle and neutron with total 
energy 17.6 MeV is the most reliable method. 
 
 12 D +  13 T →   24 He (3.5 MeV) +  01 n (14.1 MeV)       (1.1) 
 
For the self-sustaining D-T chain reaction in the tokamak, the following relation called Lawson criterion must 
be satisfied, nTτE > 3 x 1021 m-3 keV s where n and T are plasma density and temperature respectively. τE is 
energy confinement time which is defined as τE  = W / ( P - dW / dt ) where W is stored energy of the plasma 
and P is the total heating power. However, there were reports that there is an upper limit to electron density in 
toroidal confinement devices. [1, 2] Above all, as the plasma density and temperature increase, it causes a large 
pressure gradient, resulting in various instabilities and bad plasma confinement. Therefore, it is very important 
to be able to control MHD instabilities and micro-instabilities at a plasma pressure that can be reached as high  
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Fig. 1.1 The KSTAR main device with heating and diagnostic systems. 
 
as possible at given magnetic field. 
  Korea superconducting tokamak advanced research (KSTAR) which is a tokamak developed to study 
nuclear fusion energy in Korea is one of the first research tokamaks in the world to feature fully superconducting 
magnets with 16 toroidal field (TF) coils and 7 pairs of poloidal field (PF) coils [3]. A picture of KSTAR and 
designed plasma parameter is shown in figure 1.1 and table 1.1. The first plasma of KSTAR was obtained in 
2008 and plasma experiments has performed more than 24,000 discharges so far. The KSTAR is actively 
conducting research with scientists of various nationalities and showing a lot of results, attracting attention from 
all over the world. Recently, NBI-2 was newly introduced, and it is preparing for an employment of new heating 
devices such as ECH and plans to replace the inner wall of the Tokamak from carbon to tungsten are in progress. 
The main goal of KSTAR is to carry out the plasma experiments to control various instabilities, including 
understanding the physical mechanism, and to perform the experiments to be conducted in ITER in advance. 
International Thermonuclear Experimental Reactor (ITER) is an experimental device to prove whether the 
nuclear fusion demonstration reactor is actually possible. ITER is currently being built next to the Cadarache 
facility in Saint-Paul-les-Durance, in Provence, southern France. Korea, United States, European Union, China, 
Japan, Russia and India are participating in the ITER project. The construction of ITER is expected to be 
completed in 2024, D-D and D-T reaction experiment will be started from 2025 and 2035, respectively. The 
main goal of ITER is to achieve fusion power gain Q ≥ 10 through D-T reaction with 50 MW external 
heating for 300 – 500 s which mean fusion power generation is over 500 MW (Q = fusion power / external 
heating power) [4]. 

















The most known theory of transport in magnetically confined plasma is the neoclassical transport 
theory. However, particle and heat transport of tokamak plasmas often exceeds neoclassical 
expectations by an order of magnitude or more. This experimentally observed strong transport is 
called anomalous transport. It is known that anomalous transport is caused by several micro-
instabilities. The most prominent candidates are ion temperature gradient (ITG) instabilities, trapped 
electron modes (TEM) and electron temperature gradient (ETG) instabilities. The scales of micro-
turbulences and their impact on the transport are schematically shown in figure 1.2. Among them, 
anomalous electron heat transport issue has been a long-standing issue and may be attributed by a 
small-scale turbulence such as ETG mode which can induce thermal energy loss even for the regime 
where the ion-gyroscale turbulence such as ITG and TEM is suppressed in fusion grade plasmas [5]. 
Magnetohydrodynamic (MHD) instabilities and turbulence of ion-gyroscale are relatively well 
understood but turbulence of the electron-gyroscale (ETG) is not well known since the spatial scale  
Parameters KSTAR ITER 
Major radius, 𝑅𝑅 1.8 m 6.2 m 
Minor radius, 𝑎𝑎 0.5 m 2.0 m 
Elongation, 𝜅𝜅 2.0 1.7 
Triangularity, 𝛿𝛿 0.8 0.33 
Plasma shape DN, SN SN 
Auxiliary heating / CD ~ 28 MW 73 (110) MW 
   
Plasma current, 𝐼𝐼𝑝𝑝 2.0 MA 15 (17) MA 
Toroidal field, 𝐵𝐵𝑇𝑇(0) 3.5 T 5.3 T 
Pulse length 300 s 400 s 
𝛽𝛽𝑛𝑛  5.0 1.8 (2.5) 
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Fig. 1.2 A summary of the scales of three major micro-turbulences with their impact on the transport and typical 
suppression mechanism. 
 
of ETG mode is very small compared to ITG or MHD instabilities. Therefore, understanding of the 
electron energy transport arisen from electron-gyroscale turbulence is essential for the magnetic 
confinement fusion research.  
  ETG mode instabilities which cause the electron heat transport are characterized by 𝑘𝑘𝜃𝜃𝜌𝜌𝑖𝑖 ≫ 1  or 
𝑘𝑘𝜃𝜃𝜌𝜌𝑒𝑒~1, where 𝜌𝜌𝑖𝑖  and is the ion gyroradius. It has been observed that electron heat transport increases 
dramatically when the electron temperature gradient exceeds a critical electron temperature gradient. Nonlinear 
gyrokinetic simulations predicted that a significant electron heat transport is observed when ETG is destabilized 
[5]. Only recently it has reported direct evidence of a small scale turbulence driven by ETG mode 
through comparison of observed turbulence in National Spherical Torus Experiment (NSTX) and 
the numerical results from a linear gyrokinetic stability code [7, 8]. As mentioned above, ETG mode 
instabilities have been observed in several Tokamaks, but the physical mechanism of ETG mode 
has not been fully clarified. Thus, it is very important to understand exactly how small-scale 
turbulence plays a role and interacts in the Tokamak plasma. In this process, new physical 
phenomena can be discovered or clues to problems that have not been solved. 
  To measure such a small-scale turbulence even in KSTAR plasma, a collective scattering system 
(CSS) with 300 GHz (1 mm wavelength) has been developed and it is able to simultaneously 
measure electron density fluctuations at four discrete poloidal wavenumbers in KSTAR [6]. The 
range of detectable poloidal wavenumbers (𝑘𝑘𝜃𝜃) is from ~14 to ~26 cm-1, which corresponds to the 
normalized poloidal wavenumbers 0.085 ≲ 𝑘𝑘𝜃𝜃𝜌𝜌𝑒𝑒 ≲ 0.16 for 1.8 T KSTAR plasmas with Te ~ 2 
- 5 - 
keV, where ρe is the electron gyroradius and Te is the electron temperature. The detectable 
wavenumbers cover the scales of TEM and ETG mode. The CSS was first installed in middle of 
2018, and it successfully commissioned in the 2018 and whole 2019 KSTAR campaigns. 
 
1.3 Thesis organization 
This thesis is focused on the development of the collective scattering system and preliminary studies of initial 
measurements in KSTAR plasmas. Specifically, the thesis is organized as follows. In chapter 2, the theory and 
basic principle of Thomson scattering are reviewed. In chapter 3, various calculations performed prior to the 
design of the CSS are presented. These calculations were used to determine the probe beam characteristics of 
suitable for measuring high-k turbulence in KSTAR plasmas. In addition, ray tracing calculation were 
performed to check how much the probe beam and scattered beam are refracted in the KSTAR plasma. The 
chapter 4 covers detail of the collective scattering system design and laboratory test results of the optics and key 
components of the diagnostic. In chapter 5, I discuss the correlation between electron temperature gradient and 
small-scale turbulence using the initial data measured by CSS. Also, I interpret interesting observations that 
turbulences with different wavenumbers move in different poloidal directions in the H-mode pedestal region. 
In addition, I briefly cover the changes in high-k turbulence through the CSS spectrogram in L-mode, H-mode 
and observation of Alfven eigenmodes. Finally, the summary, conclusion and future work are briefly presented 










Theory of Thomson Scattering 
 
2.1 Principle of scattering measurement 
First of all, most of the equations in this chapter can be found in references [9, 10, 11]. When electromagnetic 
waves are incident on the plasma, charged particles move by the interactions with the incident wave and then 
new electromagnetic waves are generated. In the collision process between photons and electrons, if the photon 
energy is high enough, then an inelastic collision can occur. This is because the orbits of the colliding electrons 
change, and the photons lose energy. This kind of scattering is called Compton scattering. On the other hand, if 
the energy of the photon is low so that the photon has little effect on the electrons, then the energy of the photon 
is almost maintained. This scattering is called Thomson scattering. In this thesis, we only discuss Thomson 
scattering. 
  In the case of Thompson scattering, if the wavelengths of the incident electromagnetic waves are very shorter 
than the Debye length, the phases of the scattered electromagnetic waves are different from each other (see Fig. 
2.1 (b)). It means that the intensity of scattered wave is determined in proportion to the number of particle’s 
causing the scattering. This is called incoherent scattering, and is the principle of the Thomson scattering 
diagnostics that provides electron temperature and density profiles in fusion plasmas. On the other hand, if the 
wavelength of the incident wave is much larger than Debye length, the phases of scattered wave are almost the 
same. It means that when we calculate the intensity of scattered wave, we have to consider the interference 
effect in scattering volume. This scattering is called coherent scattering or collective scattering, and KSTAR 
collective scattering system uses this principle to measure small-scale turbulence. We now consider that the 
scattering process is interaction between the electromagnetic wave and plasma density fluctuation wave. As 
mentioned above, during the Thomson scattering process, total energy and momentum have to be conserved 
as 
- 7 - 
 
Fig. 2.1 (a) Simple scattering geometry and (b) comparison of the two types of scattering processes. 
 
𝜔𝜔𝑠𝑠  =  𝜔𝜔𝑖𝑖  +  𝜔𝜔                                    (2.1) 
𝑘𝑘�⃗ 𝑠𝑠  =  𝑘𝑘�⃗ 𝑖𝑖  +   𝑘𝑘�⃗                                     (2.2) 
𝑘𝑘�⃗ 𝑠𝑠  =   
𝜔𝜔𝑠𝑠
𝑐𝑐
 ?̂?𝑠,                                       (2.3) 
where 𝑖𝑖 and 𝑠𝑠 is incident and scattered wave, respectively and c is the speed of light. We assume that the 
frequency of a plasma density fluctuation is significantly smaller than the incident wave (𝜔𝜔𝑖𝑖 ≫  𝜔𝜔 → 𝑘𝑘𝑖𝑖 ≈ 
𝑘𝑘𝑠𝑠). From the wavenumber matching condition (Eq. (2.2)), we have the following Bragg relationship. 
𝑘𝑘 =  2𝑘𝑘𝑖𝑖 sin �
𝜃𝜃𝑠𝑠
2
�,                                 (2.4) 
where 𝜃𝜃𝑠𝑠 is the scattering angle (see Fig. 2.1 (a)). It means that if we measure the scattered wave at a certain 
angle, the information of the electron density fluctuation can be obtained by Eq. (2.4). The Scattering length (L) 
shown in Fig 2.1 can be represented as follows. 
𝐿𝐿 =  2𝑎𝑎
sin𝜃𝜃𝑠𝑠
                                        (2.5) 
Eq. (2.5) requires careful calculation because the value is incorrect when the scattering angle is sufficiently 
small. It means that the scattering length (𝐿𝐿𝑧𝑧) can be much larger than region of the fluctuations along the probe 
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beam direction. 
The mathematical expression for the field profile of a Gaussian beam can be written as 
𝐸𝐸(𝑟𝑟)  =  𝐸𝐸0𝑒𝑒
−𝑟𝑟⊥
2
𝑎𝑎2 ,                                 (2.6) 
where a is the beam radius at which the field amplitudes fall to 1/e of their axial values. The Fourier transform 
of the Gaussian beam is 






𝑎𝑎2𝑒𝑒−𝑖𝑖𝑘𝑘�⃗ ∙𝑟𝑟                                 











          (2.7) 
The integral values of each component are (see Appendix A) 









                          (2.8) 









                          (2.9) 
(𝑑𝑑)  = � 𝑑𝑑𝑑𝑑 𝑒𝑒−𝑖𝑖𝑘𝑘𝑧𝑧𝑧𝑧
+𝐿𝐿𝑧𝑧2
−𝐿𝐿𝑧𝑧2
 =  𝐿𝐿𝑧𝑧 sinc �
𝑘𝑘𝑧𝑧𝐿𝐿𝑧𝑧
2
�                           (2.10) 
Substituting above results into Eq. 2.6, the Fourier transform of the Gaussian beam becomes 























�                              (2.11) 
where sinc � 𝑘𝑘𝑧𝑧
2/𝐿𝐿𝑧𝑧
� is Sinc function (sinc(𝑑𝑑) = sinc(𝑥𝑥)
𝑥𝑥
) and V = 𝜋𝜋𝑎𝑎2𝐿𝐿𝑧𝑧 is the scattering volume. From Eq. 
(2.11), we can deduce the k-space resolution. 
∆𝑘𝑘⊥ =  
2
𝑎𝑎
     (𝑒𝑒−1 width)                           (2.12) 
∆𝑘𝑘𝑧𝑧 =  
2𝜋𝜋
𝐿𝐿𝑧𝑧
     (0 level width)                         (2.13) 
From the above equation, we can calculate k-space resolution if we know the information of the probe beam 
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and the scattering angle to be measured at the scattering position. Differentiation of Eq. (2.4) gives. 
𝑘𝑘 =  𝑘𝑘𝑖𝑖 cos �
𝜃𝜃𝑠𝑠
2
� ∆𝜃𝜃𝑠𝑠                              (2.14) 
Assuming is small enough, we can express it as  
∆𝑘𝑘 =  𝑘𝑘𝑖𝑖∆𝜃𝜃𝑠𝑠                                   (2.15) 
∆𝑘𝑘⊥ =  
2𝜋𝜋
𝜆𝜆𝑖𝑖
∆𝜃𝜃𝑠𝑠                                  (2.16) 
In Eq. (2.15), most of the fluctuation components of plasma are 𝑘𝑘⊥ (∆K ≈ ∆𝑘𝑘⊥). Substituting Eq. (2.14) into 
Eq. (2.16), we find that 
∆𝜃𝜃𝑠𝑠 =  
𝜆𝜆𝑖𝑖
𝜋𝜋𝑎𝑎
                                      (2.17) 
Eq. (2.17) means that the scattering has an angular extent related to the probe beam size. 
 
 
2.2 Scattering radiation 
2.2.1 Scattering radiation by a single charge 
In order to obtain the electric field due to charged particle accelerating in the field of an external 
electromagnetic wave, it is necessary to first understand the concept of retarded time (see Fig. 2.2). The radiation 
𝐸𝐸�⃗ (𝑟𝑟, 𝑡𝑡)of accelerating charged particle is emitted by the motion of a charged particle at an earlier time(retarded 
time) 𝑡𝑡′ : 
𝑡𝑡′ = 𝑡𝑡 −  
𝑅𝑅
𝑐𝑐
                                  (2.18) 
where c is speed of light and R is observing position on accelerating charged particle at time 𝑡𝑡′. Using the 
above concept, the electric and magnetic fields by accelerating charged particle can be obtained by Lienard-
Wiechert formula. 




𝑅𝑅𝑐𝑐 − 𝑅𝑅�⃗ · ?⃗?𝑣
 ,        𝐴𝐴(𝑟𝑟, 𝑡𝑡) =  
?⃗?𝑣
𝑐𝑐2
𝑉𝑉(𝑟𝑟, 𝑡𝑡)               (2.19) 
𝐸𝐸�⃗ =  −∇𝑉𝑉 −  
𝜕𝜕𝐴𝐴
𝜕𝜕𝑡𝑡
 ,        𝐵𝐵�⃗ =  ∇  ×  𝐴𝐴 ,                   (2.20) 
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Fig. 2.2 Concept of retarded time and radiation from accelerating charged particle. 
 
where ?⃗?𝑣 is speed of charged particle at time 𝑡𝑡′. Since the calculation of Eq. (2.20) is very complex, we first 
calculate from ∇𝑉𝑉. 




�𝑅𝑅𝑐𝑐 − 𝑅𝑅�⃗ · ?⃗?𝑣�
2 ∇�𝑅𝑅𝑐𝑐 − 𝑅𝑅�⃗ · ?⃗?𝑣�                     (2.21) 
By Eq. (2.18), ∇(𝑅𝑅𝑐𝑐) term becomes 
𝑐𝑐∇𝑅𝑅 =  −𝑐𝑐2∇𝑡𝑡′                                 (2.22) 
∇�𝑅𝑅�⃗ · ?⃗?𝑣� term also becomes (see Appendix B): 
∇�𝑅𝑅�⃗ · ?⃗?𝑣� = �𝑅𝑅�⃗ · ∇�?⃗?𝑣 + (?⃗?𝑣 · ∇)𝑅𝑅�⃗ + 𝑅𝑅�⃗ × (∇ × ?⃗?𝑣) + ?⃗?𝑣 × �∇ × 𝑅𝑅�⃗ �             (2.23 (a)) 
= ?̇⃗?𝑣�𝑅𝑅�⃗ · ∇𝑡𝑡′� + ?⃗?𝑣 − ?⃗?𝑣(?⃗?𝑣 · ∇𝑡𝑡′) − 𝑅𝑅�⃗ × �?̇⃗?𝑣 × ∇𝑡𝑡′� + ?⃗?𝑣 × (?⃗?𝑣 × ∇𝑡𝑡′)              
= ?⃗?𝑣 + �𝑅𝑅�⃗ · ?̇⃗?𝑣 −  𝑣𝑣2�∇𝑡𝑡′                                         (2.23 (𝑏𝑏)) 
Substituting Eq. (2.22) and (2.23) into Eq. (2.21), 




�𝑅𝑅𝑐𝑐 − 𝑅𝑅�⃗ · ?⃗?𝑣�
2 �?⃗?𝑣 + (𝑐𝑐
2 + 𝑣𝑣2 + 𝑅𝑅�⃗ · ?⃗?𝑣)̇∇𝑡𝑡′�              (2.24) 
To finish calculating the Eq. (2.24), we need to calculate the ∇𝑡𝑡′. Using Eq. (2.22) (see Appendix B), 
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−𝑐𝑐∇𝑡𝑡′ = ∇𝑅𝑅 = ∇�𝑅𝑅�⃗ · 𝑅𝑅�⃗ =  
1
2�𝑅𝑅�⃗ · 𝑅𝑅�⃗




��𝑅𝑅�⃗ · ∇�𝑅𝑅�⃗ + 𝑅𝑅�⃗ × �∇ × 𝑅𝑅�⃗ ��                        (2.25) 
In a similar way to Eq. (B.3.2), (B.7): 
�𝑅𝑅�⃗ · ∇�𝑅𝑅�⃗ = 𝑅𝑅�⃗ =  ?⃗?𝑣�𝑅𝑅�⃗ · ∇𝑡𝑡′�,          ∇ × 𝑅𝑅�⃗ = (?⃗?𝑣 × ∇𝑡𝑡′)             (2.26) 
Therefore, we can get the ∇𝑡𝑡′. 
−𝑐𝑐∇𝑡𝑡′ =  
1
𝑅𝑅
�𝑅𝑅�⃗ − ?⃗?𝑣�𝑅𝑅�⃗ · ∇𝑡𝑡′� + 𝑅𝑅�⃗ × (?⃗?𝑣 × ∇𝑡𝑡′)� =
1
𝑅𝑅
�𝑅𝑅�⃗ − �𝑅𝑅�⃗ · ?⃗?𝑣�∇𝑡𝑡′�       (2.27) 
∇𝑡𝑡′ =  
−𝑅𝑅�⃗
𝑅𝑅𝑐𝑐 − 𝑅𝑅�⃗ · ?⃗?𝑣
                             (2.28) 
Substituting Eq. (2.28) into Eq. (2.24), 




�𝑅𝑅𝑐𝑐 − 𝑅𝑅�⃗ · ?⃗?𝑣�
3 ��𝑅𝑅𝑐𝑐 − 𝑅𝑅�⃗ · ?⃗?𝑣�?⃗?𝑣 − (𝑐𝑐
2 − 𝑣𝑣2 + 𝑅𝑅�⃗ · ?⃗?𝑣)̇𝑅𝑅�⃗ �        (2.29) 
Using Eq. (2.19) and Appendix B, 𝜕𝜕?⃗?𝐴
𝜕𝜕𝑡𝑡







�𝑅𝑅𝑐𝑐 − 𝑅𝑅�⃗ · ?⃗?𝑣�






(𝑐𝑐2 − 𝑣𝑣2 + 𝑅𝑅�⃗ · ?̇⃗?𝑣)?⃗?𝑣�     (2.30) 
Substituting Eq. (2.29) and (2.30) into Eq. (2.20), finally we can get the electric field due to accelerating charged 
particle. 
𝐸𝐸�⃗ (𝑟𝑟, 𝑡𝑡) = −∇𝑉𝑉 −  
𝜕𝜕𝐴𝐴
𝜕𝜕𝑡𝑡





�𝑅𝑅𝑐𝑐 − 𝑅𝑅�⃗ · ?⃗?𝑣�
3 �(𝑐𝑐







(𝑅𝑅� − 𝛽𝛽)(1 − 𝛽𝛽2)







𝑅𝑅� × {(𝑅𝑅� − 𝛽𝛽) × ?̇?𝛽}
�1 − 𝑅𝑅� · 𝛽𝛽�
3 � ,        (2.31) 
where 𝛽𝛽 =  𝑣𝑣�⃗
𝑐𝑐
. In Eq. (2.31), the first term of the electric field decreases in inverse proportion to the square of 
the distance to the charged particle. If the particle’s velocity and acceleration are zero, this term remains. This 
is a well-known generalized Coulomb electric field. The second term decreases in inverse proportion to the 
distance to the charged particle. Therefore, in the long distance (far field), this term become the main electric 
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field and is related to electromagnetic radiation by an accelerating charged particle. Considering a nonrelativistic 
assumption (β ≪ 1) which is valid for the scattering experiment, the scattered electric field from the charged 
particle is 





�𝑅𝑅� × {(𝑅𝑅� − 𝛽𝛽) × 𝛽𝛽}̇�                        (2.32) 




𝑞𝑞𝐸𝐸𝚤𝚤���⃗ �𝑟𝑟′���⃗ , 𝑡𝑡′�
𝑚𝑚𝑐𝑐
                               (2.33) 
The movement of ions is relatively slow compared to electrons, so the intensity of radiation by ion is negligi-
ble (i.e., q = e). And assuming the far field approximation (𝑅𝑅�⃗ = 𝑟𝑟 − 𝑟𝑟′���⃗ ≈ 𝑟𝑟), the scattered electric field can 
be written 
𝐸𝐸𝑠𝑠����⃗ (𝑟𝑟, 𝑡𝑡) =  
𝑟𝑟𝑒𝑒
𝑟𝑟




 ≈ 2.82 ×  10−15 m is the classical radius of electron. Millimeter-wave probe 
beams used in Tokamak plasma usually use Gaussian beams as follows: 
𝐸𝐸𝚤𝚤���⃗ �𝑟𝑟′���⃗ , 𝑡𝑡′� =  𝐸𝐸0����⃗ 𝑒𝑒
− 𝑟𝑟⊥
′ 2
𝑤𝑤2(𝑧𝑧′) 𝑒𝑒𝑖𝑖(𝑘𝑘𝑖𝑖𝑧𝑧′−𝜔𝜔𝑖𝑖𝑡𝑡′),                    (2.35) 
where 𝑤𝑤(𝑑𝑑′) is the beam radius which is the waist size (a) in the entire scattering volume. Inserting above 
equation into Eq. (2.34), the scattered electric field becomes 
𝐸𝐸𝑠𝑠����⃗ (𝑟𝑟, 𝑡𝑡) =  
𝐸𝐸0𝑟𝑟𝑒𝑒
𝑟𝑟
�?̂?𝑟 × (?̂?𝑟 × 𝐸𝐸𝚤𝚤� )�𝑒𝑒
−𝑟𝑟⊥
′ 2
𝑎𝑎2  𝑒𝑒𝑖𝑖(𝑘𝑘𝑖𝑖𝑧𝑧′−𝜔𝜔𝑖𝑖𝑡𝑡′)               (2.36) 
In this thesis, the electric field 𝐸𝐸𝚤𝚤���⃗ �𝑟𝑟′���⃗ , 𝑡𝑡′� of the probe beam is perpendicular to propagating direction of 
scattered beam, then ?̂?𝑟 × �?̂?𝑟 × 𝐸𝐸𝚤𝚤� � = 1. 






𝑎𝑎2  𝑒𝑒𝑖𝑖(𝑘𝑘𝑖𝑖𝑧𝑧′−𝜔𝜔𝑖𝑖𝑡𝑡′)                        (2.37) 
 
2.2.2 Scattering radiation by a density fluctuation 
  The total scattered radiation by the electron density fluctuation (𝑛𝑛�𝑒𝑒(𝑟𝑟′���⃗ , 𝑡𝑡′)) observed at a time 𝑡𝑡 in the 
scattering volume (V) is given by 









𝑎𝑎2  𝑒𝑒𝑖𝑖�𝑘𝑘𝑖𝑖𝑧𝑧′−𝜔𝜔𝑖𝑖𝑡𝑡′�              (2.38) 
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The Fourier transform of electron density fluctuation (𝑛𝑛�𝑒𝑒(𝑟𝑟′���⃗ , 𝑡𝑡′)) is expressed in the following form 











�⃗ ·𝑟𝑟′����⃗ −𝜔𝜔𝑡𝑡′)               (2.39) 
Substituting Eq. (2.39) into Eq. (2.38) gives 



















𝑎𝑎2  𝑒𝑒𝑖𝑖(𝑘𝑘�⃗ ·𝑟𝑟′����⃗ +𝑘𝑘𝑖𝑖𝑧𝑧′−(𝜔𝜔𝑖𝑖+𝜔𝜔)𝑡𝑡′)   (2.40) 
Assuming the far field from above, Eq. (2.18) becomes 
𝑡𝑡′ = 𝑡𝑡 −
�𝑟𝑟(𝑡𝑡) − 𝑟𝑟′���⃗ (𝑡𝑡′)�
𝑐𝑐
= 𝑡𝑡 −


















                    (2.41) 
Using Eq. (2.1), (2.41) and the scattered wavenumber vector (𝑘𝑘𝑠𝑠����⃗ ≈
𝜔𝜔𝑠𝑠
𝑐𝑐
?̂?𝑟), rearrange the exponential term of 
Eq. (2.40), then we can get following equation as 




















�⃗ −𝑘𝑘�⃗ 𝑚𝑚)·𝑟𝑟′����⃗ +𝑖𝑖(𝑘𝑘�⃗ 𝑠𝑠·𝑟𝑟−𝜔𝜔𝑠𝑠𝑡𝑡)   (2.42) 













(𝑘𝑘�⃗ − 𝑘𝑘�⃗ 𝑚𝑚)𝑧𝑧
2/𝐿𝐿𝑧𝑧
�               (2.43) 
Substituting Eq. (2.43) into Eq. (2.42), 













𝑛𝑛�𝑒𝑒�𝑘𝑘�⃗ ,𝜔𝜔�𝑓𝑓�𝑘𝑘�⃗ , 𝑘𝑘�⃗ 𝑚𝑚�𝑒𝑒𝑖𝑖�𝑘𝑘
�⃗ 𝑠𝑠·𝑟𝑟−𝜔𝜔𝑠𝑠𝑡𝑡�       (2.44) 
Where 𝑓𝑓�𝑘𝑘�⃗ , 𝑘𝑘�⃗ 𝑚𝑚� is defined as 





(𝑘𝑘�⃗ − 𝑘𝑘�⃗ 𝑚𝑚)𝑧𝑧
2/𝐿𝐿𝑧𝑧
�                       (2.45) 
If 𝑘𝑘�⃗ = 𝑘𝑘�⃗ 𝑚𝑚, 𝑓𝑓�𝑘𝑘�⃗ , 𝑘𝑘�⃗ 𝑚𝑚� = 1 
Considering electron density fluctuation (𝑛𝑛�𝑒𝑒�𝑟𝑟′���⃗ , 𝑡𝑡′�) which has a constant wave vector (𝑘𝑘�⃗ 𝜔𝜔) and a single 
frequency (𝜔𝜔𝜔𝜔), 
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𝑛𝑛�𝑒𝑒�𝑟𝑟′���⃗ , 𝑡𝑡′� =
𝑛𝑛�𝑒𝑒
2
𝑒𝑒𝑖𝑖(𝑘𝑘�⃗ 𝜔𝜔·𝑟𝑟′����⃗ −𝜔𝜔𝜔𝜔𝑡𝑡′),                          (2.46) 





(2𝜋𝜋)4𝛿𝛿(𝜔𝜔 − 𝜔𝜔𝜔𝜔)𝛿𝛿�𝑘𝑘�⃗ − 𝑘𝑘�⃗ 𝜔𝜔�                  (2.47) 
Substituting Eq. (2.47) into Eq. (2.44), and then perform the integrals 




�⃗ 𝑠𝑠·𝑟𝑟−𝜔𝜔𝑠𝑠𝑡𝑡′�                  (2.48) 
 
 
2.2.2 Scattering radiation power 









〉𝑡𝑡𝑖𝑖𝑚𝑚𝑒𝑒                      (2.49) 







𝑐𝑐𝜖𝜖0𝑟𝑟2 〈�𝐸𝐸�⃗ 𝑠𝑠(𝑟𝑟, 𝑡𝑡)�
2
〉𝑡𝑡𝑖𝑖𝑚𝑚𝑒𝑒                       (2.50) 
Assuming r >> a, the beam radius of the scattered beam which is Gaussian beam at a distance r can be 
derived as 










                      (2.51) 












                         (2.52) 







〉𝑡𝑡𝑖𝑖𝑚𝑚𝑒𝑒                      (2.53) 
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< Coherent density fluctuation case > 





2𝑓𝑓2�𝑘𝑘�⃗ 𝜔𝜔, 𝑘𝑘�⃗ 𝑚𝑚�,                     (2.54) 





𝑐𝑐𝜖𝜖0𝐸𝐸𝑜𝑜2. For example, using actual parameter from the 
KSTAR collective scattering system, 𝑃𝑃0 = 50 mW and 𝜆𝜆𝑖𝑖 = 0.1 cm, then the power of scattering radiation 
is 
𝑃𝑃𝑠𝑠[mW] = 1 × 10−26 × 𝑛𝑛�𝑒𝑒
2[cm]𝐿𝐿𝑧𝑧
2[cm]                    (2.55) 
 
< Incoherent density fluctuation case > 
The incoherent density fluctuation case is out of our interest, so the detailed process is omitted. For details, 
please refer to the following reference [9,10,11]. The total power of scattering radiation by incoherent density 




















Preparation for design of diagnostics 
 
3.1 Probe beam frequency and polarization 
  In order to measure high-k turbulence using the coherent scattering principle in the Tokamak plasma, it is 
necessary to determine characteristics of the probe beam such as the frequency and polarization. The 
wavenumber of measured electron density fluctuation is determined by the wavenumber of the probe beam 
and scattering angle represented by Eq. (2.14). As the frequency of the probe beam increases, the wavenumber 
of the turbulence measured in the plasma increases. However, when it is higher than a certain level, the 
wavelength of the probe beam becomes smaller than the Debye length of the plasma (~10−5), and the coherent 
scattering does not occur. Therefore, it is necessary to select the proper frequency and polarization of the probe 
beam considering various factors according to the characteristics of the turbulence to be measured. Since 
microwave imaging reflectometry (MIR) system [12, 13] and beam emission spectroscopy (BES) [14] had 
been already installed for ion-scale turbulence (𝑘𝑘 < 5 cm−1) in KSTAR, it was decided that the collective 
scattering system measures smaller scale turbulence (𝑘𝑘 > 10 cm−1). Considering the space of the available 
diagnostic port in KSTAR and the realistic design of the optical system, the maximum scattering angle is ~ 20 
degrees. When using a probe beam of about 300 GHz at this angle, it is possible to measure the wavenumber 
of turbulence over 20 cm-1. 
 
3.1.1 ECR frequency and absorption coefficient. 
In the conceptual design of the CSS, the probe beam is transmitted through the plasma and reflected from the 
inner wall of KSTAR, and then makes a focus on the outboard region. However, there is an electron cyclotron 
resonant (ECR) layer for a given frequency in the plasma that can absorb some power of the electromagnetic 
wave. Absorption coefficient (relative absorption ratio) is dependent on the harmonic number and polarization  
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Fig. 3.1 The electron cyclotron resonance (ECR) frequencies of the second, third, and fourth harmonics for 
KSTAR plasmas at nominal operation fields from 2.0 T to 3.3 T. [5] 
 
Fig. 3.2 (a) Profiles of an H-mode plasma (𝐵𝐵𝑡𝑡0 = 2.0 T,𝑇𝑇𝑒𝑒0 = 3.0 KeV, and 𝑛𝑛𝑒𝑒0 = 3.5 × 1019 m−3) 
and (b) absorption coefficients of several lower ECE harmonics where O1 and X1 is fundamental ordinary 
mode, fundamental extraordinary mode respectively, O2 is 2nd harmonic ordinary mode, and so on. [5] 
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of the ECR layer. Typically, the absorption coefficient is higher at lower harmonic number and X-mode 
polarization. So it is necessary to choose an appropriate frequency and polarization for the probe beam to 
minimize the absorption at the resonant layer within the plasma. Figure 3.1 shows the ECR frequencies of the 
second, third and fourth harmonics for KSTAR plasmas at two magnetic fields 2.0 T and 3.3 T, which are 
nominal lower and upper limit of the magnetic field. To avoid the second harmonic layer (from 87 to 265 GHz), 
which is widely used for ECR heating due to its strong absorption, the probe beam frequency has to be higher 
than 265 GHz and thus 300 GHz was chosen. As can be seen from Fig. 3.2, the absorption coefficient of 
ordinary mode (O-mode) is lower by two orders of magnitude than that of extraordinary (X-mode), so it is an 
appropriate choice to use the O-mode probe beam. 
 
3.1.2 ECE emissivity and system noise 
The 300 GHz probe beam passes the fourth and fifth ECR layers for 2 T plasmas and this implies that 300 
GHz electron cyclotron emission (ECE) from the layers are emitted. If the ECE power is large enough to be 
compared with scattered radiation power, it acts as noise and then we cannot properly obtain information of 
small scale electron density fluctuations. Figure 3.3 shows the calculation results of the 300 GHz O-mode fourth 
and fifth harmonic emissivity. The total integral of the O5-mode emissivity is 4.7 × 10−9 𝜇𝜇Wm−2Sr-1 MHz-
1. When the bandwidth of the detection system and solid angle are considered, the detected ECE power is much 
reduced. An expected scattered radiation power using Eq. (2.55) is 𝑃𝑃𝑠𝑠 = 4.0 𝜇𝜇W (assuming 𝑃𝑃𝑖𝑖 = 20 mW, 
𝜆𝜆𝑖𝑖 = 1 mm, 𝐿𝐿𝑧𝑧 = 10 cm and δ𝑛𝑛𝑒𝑒 = 1 × 1017 m−3). Note that the actual output power of the probe beam 
source is 45 mW and various losses such as absorption of the vacuum window were considered. In conclusion, 
the O5-mode emissivity is negligible since the ECE power is significantly smaller (by nine orders of magnitude) 
than the expected scattered power. 
The system noise power is defined by 
𝑃𝑃𝑛𝑛 = 𝑘𝑘𝐵𝐵𝑇𝑇𝑛𝑛𝐵𝐵𝑛𝑛                                  (3.1) 
where 𝑘𝑘𝐵𝐵 = 1.38 × 10−23  J/K is the Boltzmann constant, 𝑇𝑇𝑛𝑛  and 𝐵𝐵𝑛𝑛  are the noise temperature and 
bandwidth of the detection system respectively. The bandwidth of detection system is 20 MHz, and assuming 
the noise temperature of 5000 K, the system noise power is 1.38 × 10−6 𝜇𝜇W. The minimum detectable 
electron density fluctuation ( 𝛿𝛿𝑛𝑛𝑒𝑒
𝑛𝑛𝑒𝑒
≈ 8 × 10−6) is sufficiently small. 
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Fig. 3.3 Emissivity of 300 GHz O-mode fourth and fifth harmonic electron cyclotron emission for 2 T plasma. 
 
 
Fig. 3.4 Top view diagram of KSTAR diagnostics in 2019. The CSS is installed on the E-port together with 
the MIR system. 
 
3.2 The CSS and MIR diagnostics. 
The KSTAR is equipped with various diagnostics and heating devices for various research purposes as 
shown in Fig 3.4. During the development of the CSS, the microwave imaging reflectometry (MIR) system 
was planned to move from the G-port to the E-port and share the port with the CSS due to the introduction of 
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new neutral beam injection (NBI-2) system [15]. Prior to the 2019 KSTAR campaign, the MIR system had 
shared the G-port with the electron cyclotron emission imaging (ECEI) system [16, 17]. A glass beam splitter 
made of 1.1 mm thick Borofloat 33 was used to split and combine the optical paths of the two diagnostics. Also 
a glass beam splitter of the same glass was used to combine and split the optical path of the probing optics and 
the receiving optics of the MIR system. In the frequency range 78-100 GHz and X-mode polarization used by 
both the MIR system and ECEI system, the glass beam splitter has roughly 50:50 transmittance (power 
transmission ratio) and reflectance (power reflection ratio), respectively. In fact, the 50:50 transmittance and 
reflectance imply that each beam loses its power when it passes the beam splitter. However, since the CSS and 
MIR system use entirely different frequency ranges and polarizations using the glass beam splitter is not 
efficient. Moreover, as shown in Fig 3.5, it has a very low reflectance of less than 20 % and a high absorptance 
(power loss at the glass) of over 30% for 300 GHz O-mode beam. The dashed curves are the calculated results 
using the loss tangent (4.6) and dielectric constant (3.7 x 10-3) reported at 1 MHz, but they are significantly 
different from the measured results. The solid cures are the calculated results using different loss tangent (4.35) 




Fig 3.5 Reflectance, transmittance, and absorptance of the glass beam splitter of the P-polarization beam (O-
mode): measured at 300 GHz (symbols) and calculated in 270-330 GHz (curve). The solid curve and the dashed 
curves were obtained with the dielectric constant 4.35 and 4.6, loss tangent 2.7 × 10−2 and 3.7 × 10−3, 
respectively [18]. 
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Fig. 3.6 a 3D design of MIR system and CSS in KSTAR E-port (top view) [18]. 
 
3.2.1 Strip-grid beamsplitter 
As mentioned above, since the frequencies range and polarizations of two diagnostics are 
different, it is necessary to employ a new type of beam splitter to effectively separate and combine 
the two optical systems. Consider the case of an incident beam passing through the wire-grids with 
uniform spacing (𝑔𝑔) as shown in Fig 3.7. With 𝑔𝑔 ≪ 𝜆𝜆
2
 and 2𝑎𝑎 < 𝑔𝑔, for an electric field of incident 
beam polarized perpendicular to the wire direction, the impedance of the grid is much higher than 
that of free space, so the grid has almost no effect and is mostly transmitted. This impedance is a 
characteristic of a medium and indicates the degree to which it interferes with the flow (Imagine a 
circuit connected in parallel, one with resistance and the other with no resistance). However, for an 
electric field of incident beam polarized parallel to the wire direction, the impedance of the grid is 
much lower than the characteristic impedance of the transmission line representing free space, so 
the transmittance and reflectance of a specific frequency can be controlled by the grid width (2𝑎𝑎) 
and grid spacing (𝑔𝑔). In the long-wavelength limit (𝑔𝑔 ≪ 𝜆𝜆), the impedance of the wire-grid with a 









� ,                             (3.2) 






� ln csc �
𝜋𝜋𝑎𝑎
𝑔𝑔
� ,                           (3.3) 
where 𝑍𝑍𝑓𝑓𝑠𝑠  is the characteristic transmission line impedance, 𝑍𝑍𝑔𝑔  is the total grid impedance, 𝑔𝑔  is grid 
spacing, and 𝜆𝜆 is the wavelength of the incident beam. The Eq. (3.2) and (3.3) are purely imaginary impedance 
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Fig 3.7 Schematic drawing of one dimensional wire-grids and incident beam with the electric field direction 
parallel to the wire-grids, where 𝑔𝑔 is the grid spacing and 2a is grid diameter. 
 
increasing in proportion to the frequency and valid only in the limit 𝜆𝜆 considerably greater than the grid 






















                                         (3.5) 
where Einc is the electric field of the incident beam, Eref and Etra are the electric field of the reflected and 
transmitted beams, respectively. The fractional power of reflection and transmission are the squared magnitude 
of the expressions given in Eq. (3.4) and (3.5). The reflectance and transmittance as a function of  𝑔𝑔
𝜆𝜆
 with 2a 
= 0.15 mm and 𝑔𝑔 = 0.3 mm are shown in Fig 3.8. The expected reflectance is 96 % for the 300 GHz O-mode 
incident beam. Since reflectance increases in inverse proportion to 𝑔𝑔, it is better to reduce 𝑔𝑔 as much as 
possible. Of course, if 𝑔𝑔 decreases, a should be reduced appropriately to fit it. However, due to technical 
difficulty and cost, a strip-grid with 𝑔𝑔 = 0.3 mm was fabricated using an etching technique on a dielectric 
substrate sheet which is RO4003C with 0.84 mm thickness. The thickness of the copper strips on the RO4003C 
substrate is 17 𝜇𝜇m. Figure 3.9 shows the laboratory test results of the strip-grid beamsplitter for the 300 GHz 
O-mode beam together with the schematic test setups. The total beam power was calculated by integrating the 
beam intensity on the 2D plane by measuring the 2D profile at a fixed distance z = 500 mm for the three cases. 
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The reflectance is ~ 98.3 % and the transmittance is 2.5 %. There is ~2% difference between the measured 
value and the calculated value. This might be caused by the power variation of the source beam and the 







Fig. 3.8 The reflectance and transmittance of strip-grid beam splitter calculated theoretically as a function of 𝑔𝑔
𝜆𝜆
 
with the strip width 2a = 0.15 mm for the 300 GHz incident beam with the electric field parallel to the direction 
of the strips. [18] 
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Fig. 3.9 The measured 2D and 1D (horizontal at Y = 0) intensity profiles for 300 GHz O-mode beams: (a) the 
incident beam without the strip-grid beam splitter, (b) the reflected beam from strip-grid beam splitter, and (c) 
the transmitted beam through the strip-grid beam splitter. [18] 
 
3.2.1 Transmittance of the dielectric substrate 
With 𝑔𝑔 ≪ 𝜆𝜆
2
, if the grid beam splitter is manufactured using only a wire-grid or strip-grid without 
a dielectric substrate, almost all X-mode beams in which the electric field direction is perpendicular 
to the wire direction are transmitted. However, since it is difficult to manufacture in this way, a 
dielectric substrate is used. In addition, since the beam splitter is positioned at a 45 degrees angle in 
the horizontal direction with respect to the beam propagation direction, the reflectance and 
transmittance vary depending on the frequency. The reflectance of incident beam penetrating 
dielectric material is given as [20] 
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R =
𝑟𝑟122 + 𝑟𝑟232 + 2𝑟𝑟12𝑟𝑟23cos (2𝑘𝑘0𝑁𝑁𝑟𝑟𝑡𝑡cos𝜃𝜃2)
1 + 𝑟𝑟122𝑟𝑟232 + 2𝑟𝑟12𝑟𝑟23cos (2𝑘𝑘0𝑁𝑁𝑟𝑟𝑡𝑡cos𝜃𝜃2)
,               (3.6) 
 
where 𝑘𝑘0 is the wavenumber of the incident beam, 𝑁𝑁𝑟𝑟 is the real part of complex refractive index 
(𝑁𝑁𝑟𝑟 − 𝑗𝑗𝑁𝑁𝑖𝑖) of the dielectric material which is related to the dielectric constant (𝜖𝜖𝑟𝑟) as 𝑁𝑁𝑟𝑟 = √𝜖𝜖𝑟𝑟, 
and t is the thickness of dielectric material. 𝑟𝑟12 is the reflection coefficient of the beam field at 








  (P − polarization)                  (3.7) 








  (P − polarization)                  (3.8) 
where 𝜃𝜃1 is the incident angle to the surface 1 of the dielectric material, 𝜃𝜃2 is the refracted angle 
from the surface 1, and 𝜃𝜃3 is the refracted angle from the surface 2 shown in Fig 3.10. The two 
orthogonal linear polarization states S-polarization and P-polarization are important parts for 
reflection and transmission. For the S-polarized beam, the electric field is perpendicular to the plane 
of incidence, while that of the P-polarized beam is parallel to this plane. The dielectric loss of the 
beam power in dielectric material as absorptance is given by 
A = 1 − 𝑒𝑒−𝛿𝛿𝑘𝑘0𝑁𝑁𝑟𝑟𝑡𝑡                            (3.9) 
where 𝛿𝛿 ≈ tan𝛿𝛿 = 𝜖𝜖𝑖𝑖
𝜖𝜖𝑟𝑟
 is the loss tangent which is the ratio of the imaginary to real dielectric 
constant, and 𝜖𝜖𝑖𝑖 is imaginary value of the complex dielectric constant. Then, the transmittance is 
as follows. 
T = 1 − R − A                                   (3.10) 
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Fig. 3.10 Schematic drawing of the passage of an incident beam through dielectric material. 
 
The known dielectric constant and loss tangent of RO4003C are 3.38 ± 0.05 and 2.7 × 10−3 at 10 GHz, 
respectively. Since no measured results have been reported yet, the transmittance were calculated using these 
values in the frequency range from 75 to 110 GHz for the thickness from 0.2 to 0.8 mm as shown in Fig 3.11. 
Note that the MIR system employs the heterodyne detection system which down-converts the measured 
reflected beam to the four IF frequencies, and these IF frequencies are transmitted to the electronics through 20 
m long broad-band cable. Here, since the broad-band cable loss is higher at higher frequency, the thickness of 
the dielectric material sheet is determined so that the transmittance increases as the frequency increases. Fig. 
3.12 shows calculated and measured transmittance, reflectance, and absorptance as a function of frequency 
from 75 to 110 GHz for the strip-grid beam splitter which has 0.84 mm thickness of the dielectric material sheet 
RO4003C. As shown in Fig 3.12, the transmittance of grid-strip beam splitter is 65% - 92 % for the X-mode 
probe beams in 78-96 GHz being used for the MIR system and the calculated value and the measured value 
agree well. In conclusion, the grid-strip beam splitter makes it possible to effectively separate and combine the 
optical systems of the CSS and MIR system. The power of a measured signal of a detection system using one 
glass beam splitter and one strip-grid beam splitter was increased by approximately 44 – 238 % compared to 
the previous optical system using two glass beam splitter. Because the transmittance and reflectance of glass 









Fig. 3.11 The calculated transmittance as function of frequency for the thickness of the dielectric material from 
0.2 to 0.8 mm (assuming S-polarized incident beam and 45 degrees of the incident angle). The shaded region 






Fig. 3.12 (a) The calculated (curve) and measured (symbols) transmittance, reflectance, and absorptance as a 
function of frequency from 75 to 110 GHz of the strip-grid beam splitter for X-mode beam. (b) The calculated 
(curve) and measured (symbols) transmittance, reflectance, and absorptance as a function of frequency from 
75 to 110 GHz of a glass beam splitter made of Boroflot33 for X-mode beam. [18] 
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Fig. 3.13 (a) The fabricated strip-grid beam splitter with strip-grid spacing of 0.3 mm and strip width of 0.15 
mm on the 0.84 mm thick RO4003C. (b) A glass beam splitter with 1.1 mm thick Borofloat 33. [18] 
 
3.3 The refractive index of lenses and the waist of the 
300 GHz probe beam 
In order to design the CSS optics using a 300 GHz probe beam, more exact information such as the refractive 
index of the lenses, the waist radius and waist position of the probe beam source is required. To obtain the waist 
radius and position of the probe beam source, the 2D beam intensity profiles along the beam propagation were 
measured as shown in Fig. 3.14. The Z=0 mm position corresponds to the axial distance 400 mm from the 
probe beam source. The 1/e2 beam radii in the vertical and horizontal direction were obtained as a function of 
z using the measured beam intensity profile. The 300 GHz source generates a Gaussian beam and the Gaussian 
beam radius is given by 









,                                    (3.12) 
where 𝑤𝑤0 is the waist radius, 𝑑𝑑𝑅𝑅 is Rayleigh range, and n is the refractive index of the medium in which the 
beam propagates. The waist radius and waist position (𝑑𝑑0) of the 300 GHz source beams were obtained by 
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fitting Eq. (3.11) to the measured beam radii. The 𝑤𝑤0𝑦𝑦 and 𝑤𝑤0𝑥𝑥 are 2.90 mm and 2.86 mm, respectively, the 
𝑑𝑑0𝑥𝑥,0𝑦𝑦 is ~ 395 mm which means the beam waist is positioned at a position 5 mm in front of the source antenna. 
  The refractive index of the lenses used for optics were obtained by using the measured beam radii after a lens. 
Like the optics of the MIR system, the lenses of the CSS optics were made of High-density Polyethylene 
(HDPE). Figure 3.15 shows the compared beam radii after a lens between the measurements and calculations 
in both vertical and horizontal direction. The refractive index of the HDPE lens at 300 GHz can be obtained as 




Fig. 3.14 The measured 2D intensity profile of the 300 GHz probe beam source (a) in the Y-Z plane (vertical 
and axial direction) and (b) in the X-Z plane (horizontal and axial direction). The Z=0 mm position corresponds 
to the axial distance 400 mm from the source. Note that the beam source is placed on the right. 
- 30 - 
 
Fig. 3.15 (a) The vertical beam radius (dashed) without lens, and the calculated (solid) and measured (symbol) 
vertical beam radii after a lens, (b) The horizontal beam radius (dashed) without lens, and the calculated (solid) 
and measured (symbol) horizontal beam radii after the lens. The lens is made of High-density Polyethylene 
(HDPE). 
 
3.4 Ray tracing for 300 GHz in KSTAR plasma 
No matter how precisely the optical system is designed, it can be difficult to determine the exact 
scattering angle and scattering volume location if the probe and scattered beams are significantly 
refracted in the plasma. Hence, it is necessary to calculate how much the probe beam is refracted in 
the KSTAR plasma, and then the measurement data needs to be corrected through ray tracing 
calculation. The ray tracing calculation were performed using measured KSTAR plasma parameters 
and EFIT calculation results. Figure 3.16 shows the probe and scattered beam path through the CSS 
optics. The red line represents the beam path of the probing optics, and the four blue line represents  
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Fig. 3.16 Schematic of the optics of the KSTAR collective scattering system. The Red line is probe beam path, 
the blue line is four channels scattered beam path. 
 
the paths of the scattered beams at four angles. The Fig 3.17 shows that the 80 GHz O-mode beam 
is significantly refracted in 1.9 T L-mode plasma. The blue dotted line and solid line are the probing 
beam path through the vacuum and the plasma, respe-ctively. The red dotted line and solid line are 
the paths of a scattered beam through the vacuum and the plasma, respectively. Figure 3.18 shows a 
calculation result of the 300 GHz O-mode beam in 1.8 T H-mode plasma. The difference in the 
scattering position between the vacuum and plasma cases is approximately 1 mm, and there is almost 
no difference in scattering angle (< 0.1˚). Figure 3.19 shows the calculation result of the 300 GHz 
H-mode beam in 1.8 T L-mode plasma. The difference in scattering position is about 5 mm, and the 
difference in scattering angle is about 0.1˚. The H-mode plasma has a higher density gradient in the 
pesestal region than the L-mode plasma, so refraction can be expected, However, the refraction 












Fig. 3.17 The result of a ray tracing calcuation for 80 GHz O-mode beam in 1.9 T L-mode plasma. 
The blue dotted line and solid line are the probing beam paths through the vacuum and the plasma, 
respectively. The red dotted line and solid line are the paths of a scattered beam through the vacuum 
and the plasma, respectively. 
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Fig. 3.18 The result of ray tracing calcuation for 300 GHz O-mode beam in 1.9 T L-mode plasma. 
 
Fig. 3.19 The result of ray tracing calcuation for 300 GHz O-mode beam in 1.8 T H-mode plasma. 
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Chapter 4 
 
KSTAR collective scattering system 
 
4.1 Overview of the collective scattering system 
The KSTAR has various density fluctuation diagnostics for turbulence study as shown in Table 
4.1. However, there is no diagnostics capable of measuring turbulence scale of more than 10 cm−1. 
As previously mentioned, the high-k turbulence above 10 cm−1 is known to be associated with 
anomalous transport induced by ETG mode. In KSTAR, only indirect evidence of existence was 
reported as a result of simulation regarding ETG mode. Thus, the four channels CSS based on 300 
GHz microwave source had been developed and installed in KSTAR to measure the electron gyro-
scale fluctuation as shown in Fig 4.1. Since the CSS can be operated simultaneously with the MIR 
system located in the same port, the two diagnostics can measure evolutions of various turbulences 
such as ITG mode, TEM, and ETG. 
  Briefly, the CSS measures scattering signals by injected 300 GHz probe beam at a specific 
location using the principle described in Chapter 2.1. The scattering caused by small scale density 
fluctuation can occur anywhere in the path of the probing beam. However, it was designed to 
measure the scattered beam generated only in a specific area through the optical system. In Fig 4.1, 
the red line is the probe beam path and yellow line is a scattered beam path. The 300 GHz probe 
beam is injected into the plasma through the probing optics and reflected from the tilted inner wall. 
The vertically aligned four detector allow simultaneous measurements of electron density 
fluctuations with four discrete poloidal wavenumbers in the range from ~14 cm−1 to 26 cm−1. 
The remotely movable optical system can flexibly change the measurement location from the plasma 
core to outer edge on a shot-by-shot basis, and the fast data acquisition system with the sampling 
rate of up to 20 MS/s (nominal sampling rate is 10 MS/s) providing the time resolution down to 0.05 
μs. The spatial resolution is ~6-10 cm in the radial direction and ~1-2 cm in poloidal direction. The 
wavenumber resolution is ∆𝑘𝑘⊥ ~ 0.7 cm−1 which is based on the probe beam radius of ~ 3 cm near 
the measurement location. The detectable modes are TEM and ETG mode. The overall system 
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configuration which consists of five parts such as the millimeter wave source, optics, detection 










Fig. 4.1 A 3D drawing of the KSTAR collective scattering system. 
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Fig. 4.2 Schematic of the CSS consisting of five part such as millimeter wave source, optics, 
detection system, electronics, and digitizer. 
 
4.2 The optical system 
The CSS optical system was designed with CODE-V which is a commercial optics design 
software. The source beam waist radius and position, and the refractive index of HDPE at 300 GHz 
obtained in Chapter 3 were used for the design. 
 
4.2.1 Probing optics 
The probing optics consists of three lenses (source lens, second lens, and ‘plasma’ facing lens) 
and are designed to create a waist of ~3 cm at the measurement location by moving the facing lens. 
The curvature information of the lenses, and the positions of the strip-grid beam splitter and mirror 
are shown in detail in Fig 4.3. The facing lens can be moved up to 670 mm and the measurement 
position can be changed from the plasma core to the outer edge (r/a ~ 0-0.9). Figure 4.4 shows the 
results of laboratory tests of the probing optics with the fabricated lenses at a measurement position 
of r/a ~ 0. Figure 4.4 (a) is a 2D beam profile measured by moving a detector in 2D plane (vertical 
and axial direction). Figure 4.4 (b) shows the comparison of the vertical beam radius between 
measurement and calculation with CODE-V. Figures 3.4 (c) and (d) show the measured and 
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calculated 2D (vertical and horizontal) beam profiles, respectively. The measured results show good 
agreement with the results calculated in CODE-V. 
 
4.2.1 Receiving optics 
The receiving optics consists of four lenses (facing lens, second lens, compensate lens, and mini 
lens). Among them, the second lens and facing lens are shared with the probing optics. The 
measurement position is changed by moving only one lens, the facing lens as shown in Fig 4.5. In 
addition, it is important to properly design the curvature and position of the facing lens because the 
Facing lens also shares with the optics of the MIR system. Because the antenna of the detectors is 
the same with that of the probe beam source, the receiving optics was designed with the waist of 
~2.3 mm. Compensate lens is a lens with four different curvatures vertically that allow the scattered 
beams to enter the detector antennas in the direction perpendicular to the entrance surface. The 
scattering angles are 12.8, 16.5, 18.3, and 23.9 degrees for a measurement position at r/a ~ 0.5 and 
they correspond to the wavenumbers of ~14, ~18, ~20, and 26 cm−1. Figure 4.6 shows the results 
of laboratory tests on CH.4 with the largest scattering angle at a measurement position (r/a ~ 0). 
Figure 4.6 (a) shows the measurement of the 2D beam profile in the Y-Z (vertical and axial) 
direction. Figure 4.6 (b) shows the comparison of the beam center position between measurement 
and calculation. The slopes of the graph are associated with the scattering angles and agree well with 
each other. Figures 4.6 (c) and (d) show the measured and calculated 2D beam profile in Y-X 
(vertical and horizontal) direction. The beam shape is similar, but the vertical size of measured beam 
is slightly longer than that of the calculated beam, which is probably due to diffraction effect, is 
















Fig. 4.3 (a) Ray tracing calculation result of the probing optics, (b) Gaussian beam calculation result of the 
probing optics (top view), with information of three lenses and other optics components, (c) Gaussian beam 
calculation result of the probing optics (side view). 
 





Fig. 4.4 (a) Measured 2D beam profile in the vertical and axial direction, and (b) compared beam radius 
between measurement (symbol line) and calculation (dotted line). (c) Measured 2D beam profile vertical and 
horizontal direction, (d) calculated 2D beam profile in the same plane. 
 
 








Fig. 4.5 (a) Ray tracing result of the receiving optics, (b) Gaussian beam calculation of the receiving optics (top 












Fig. 4.6 (a) Measured 2D beam profile in the vertical and axial direction, and (b) compared beam radius 
between measurement (symbol line) and calculation (dotted line) of center of beam. (c) Measured 2D beam 
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4.3 Millimeter wave source 
4.3.1 300 GHz beam source 
The probing source (made by Virginia Diodes, Inc.) provides ~ 40 mW (~16 dBm) output power 
at 300 GHz. It is composed of a 12.5 GHz source and x24 multiplier chain, which consists of a tripler 
and three doublers. The specifications of the multiplier chain is shown in Table. 4.2 and the output 
power is shown in Fig. 4.7. The output power of the 300 GHz source is transmitted to the antenna 
with ~23 mW (~13.5 dBm) power through a 20 dB-directional coupler (with insertion loss of ~ 2.5 
dB) as shown in Table 4.3 and to the Ref. mixer with <0.3 mW (<-6 dBm) power. Figure 4.8 shows 
the configuration of the assembled probing source. 
 
Description Specification Connector 
RF Output 
Frequency Range 295 – 305 GHz 
WR-3.4 
Output power ~40 mW 
RF Input 
Frequency Range 12.3 – 12.7 GHz 
SMA(f) Power (Typical / Damage) 7 to 13 dBm / 16 dBm 
Multiplication Factor 24 
Table. 4.2 Specifications of the x24 multiplier chain for the 300 GHz probing source. 
 
 
Fig. 4.7 The output power of the x24 multiplier chain for the input power of ~ 10 dBm. 
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Table. 4.3 Specifications of the 20 dB directional couplers. 
 
 
Fig. 4.8 Configuration of the 300 GHz probing source. 
 
4.3.2 149.5 GHz local oscillator (LO) source 
  The Reference mixer and the detector of the detection system use the sub-harmonic mixer, and 
the intermediate frequency (IF) is 1 GHz, and thus the frequency of the LO source is 149.5 GHz. 
The LO source is composed of a 15 dB-directional coupler x12 multiplier chain with a tripler and 
two doublers, and 12.458 GHz input source. The specifications of the x12 multiplier chain are shown 
in Table. 4.4 and Fig 4.10. The 150 mW output power coming out of the main port is distributed to 
4 detectors by three hybrid couplers, and the 5 mW output power coming out of the coupling port is 
transmitted to the Ref. mixer located in the probing source box by waveguides. 
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Fig. 4.9 The x12 multiplier chain for the local oscillator (LO) source. 
 
 
Description Specification Connector 
RF Output - 
Through Port 
Frequency Range 147.5 – 152.5 GHz 
WR-6.5 
Output power 150 mW 
RF Output - 
Coupled Port 
Frequency Range 147.5 – 152.5 GHz 
WR-6.5 
Output power 5 mW 
RF Input 
Frequency Range 12.3 – 12.7 GHz 
SMA(f) Power (Typical / Damage) 7 to 13 dBm / 16 dBm 
Multiplication Factor 12 
 
Table. 4.4 Specifications the x12 multiplier chain for the 149.5 GHz LO source. 
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Fig. 4.10 Output powers of the main port (left) and the coupling port (right) of the x12 multiplier 
chain for the input power of ~ 10 dBm. 
 
4.3.3 Synthesizer 
The synthesizer, which is mainly used for plasma diagnostics, uses the phase locked loop (PLL) 
method which is a feedback control system. It compares the phases of two input signals and produces 
an error signal that is proportional to the difference between their phases. The error signal is low 
pass filtered and used to drive a voltage-controlled oscillator (VCO) which creates an output 
frequency. The output frequency is fed through a frequency divider back to the input of the system, 
producing a negative feedback loop. If the output frequency drifts the phase error signal will 
increase, driving the frequency in the opposite direction so as to reduce the error. Thus the output is 
locked to the frequency at the other input. This other input is called the reference (10 MHz) and is 
usually derived a crystal oscillator, which is very stable in frequency.  
  The CSS synthesizers used for the RF input of LO and probing source were developed by EM-
Wise. The 12.5 GHz and 12.4583 GHz synthesizers have a fixed output frequency and were 
designed to meet the RF input power requirements of <+6 dBm. The phase noise and harmonic 





Output frequency 12.5 / 12.4583 GHz 
Phase 
Noise 
@ 1 kHz -74 / -65 dBc/Hz 
Output power >+6 dBm @ 10 kHz -82 / -73 dBc/Hz 
Harmonic (2f) < -48 dBc @ 100 kHz -111 / -111 dBc/Hz 
Locking Time 180 𝜇𝜇s @ 1 MHz -133 / -134 dBc/Hz 
Table. 4.5 Specification of the 12.5 GHz and 12.458 GHz synthesizer. 
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Fig. 4.11 Phase noise and output power of the 12.5 GHz and 12.4583 GHz synthesizer. 
 
4.4 Heterodyne detection system 
Most RF or micro-wave diagnostics use heterodyne detection system. The heterodyne detection 
system is a system that down or up converts a measured signal to another frequency signal. In the 
most common application, two signals at frequencies 𝑓𝑓1 (measured signal) and 𝑓𝑓2 (LO signal) are 
mixed, creating two new signals; one at the sum of the two frequencies 𝑓𝑓1+𝑓𝑓2 and the other at the 
difference between the two frequencies 𝑓𝑓1-𝑓𝑓2. The new signal frequencies are called heterodynes. 
Typically, only one of the two heterodynes is used and the other signal one is filtered out. Although 
the carrier frequency (𝑓𝑓1 ) changes, the information to be transmitted is not changed. Plasma 
diagnostics mainly use the down conversion method. This is because the frequency ranges of 
measured signals is from several tens of GHz to several hundreds of GHz. Such higher frequency 
signals can be easily exposed to various noise and losses while being transmitted to the signal 
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processing unit. Moreover, it is easier to process signals at lower frequency than higher frequency.  
  In the CSS, a four channel heterodyne detection system detects scattered beams with vertically 
aligned sub-harmonic mixers with low noise temperature and low conversion loss. The LO signal 
(~150 mW) is transmitted by three hybrid couplers and waveguide, divided into four signals, and 
then each signal with <6 mW power is transmitted to the sub-harmonic mixer. The scattered beams 
(~ 300 GHz) are combined with the LO signal (149.5 GHz) in the sub-harmonic mixer and down 
converted into ~1 GHz IF signals. Each IF signal is amplified by 32 dB by amplifier (Ciao-wireless, 
CA12-3001) with low noise figure of ~ 0.8 dB and transmitted to the signal processing electronics 
through 20 m low-loss broad-band cable. The configuration of the heterodyne detection system is 
shown in Fig 4.12. The detailed specifications of the sub-harmonic mixer are shown in Table 4.6. 
 
 
Fig. 4.12 A four channels heterodyne detection system. 
 
 
Table 4.6 Specifications of the sub-harmonic mixer used for the detection system. 
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4.5 Electronics 
To obtain the phase information from the scattered beam, the electronics, which has Inphase and 
quadrature (I/Q) demodulator, is employed. The I/Q demodulator separates the measured IF signal 
based on the Ref. IF signal into I and Q signal. By convention, the I signal is a cosine waveform, 
and the Q signal is a sine waveform. The relationship between I/Q signal and phase is given by the 
following equation. 
 
Phase [radian] = arctan�𝑄𝑄
𝐼𝐼
�                          (4.1) 
The Ref. IF signal and the IF signal from scattered beam are separated into inphase and quadrature 
signals in the I/Q demodulator, and the propagation direction of the measured fluctuations can be 
determined by analyzing the I/Q signals. For the CSS electronics, the old 16-channel electronics of 
the MIR system is used after extending the video bandwidth from 1 MHz to 4 MHz. Figure 4.13 
shows a picture of the electronics and measured IF and video bandwidths. 
 
 
Fig. 4.13 (a) A 16-channel CSS electronics. (b) Measured IF bandwidth (~20 MHz) and (c) video 
bandwidth (𝑓𝑓cut ~ 4 MHz) of the electronics. [5] 
 
- 49 - 
4.6 Digitizer 
The digitizer converts measured analog signals into digital signals. High-speed digitizers can 
capture fast events and high-frequency fluctuations. This is crucial when capturing rare events, 
explosive events, and high-frequency turbulence. Scattered signals are sampled at the sampling rate 
up to 20 MS/s (nominal 10 MS/s) by a digitizer (D-tAcq ACQ2106) with a host bus adapter (D-tAcq 
AFHBA404) and buffer server, which enable to record the signals for full pulse lengths of discharges 
without limitation of a fixed on board memory of the digitizer. The digitizer has 8 input channels, 
and the input voltage range is ± 2.5 V with 14 bit resolution. Typical data size is about several 
Gigabytes for 8 channel signals from ~10 s discharge. 
 
 
Fig. 4.14 An 8-channel CSS digitizer with nominal sampling rate of ~10 MS/s. 
  




Small-scale turbulence study 
 
5.1 Small-scale turbulence in KSTAR plasmas 
 
The CSS was first installed in the late 2018 KSTAR campaign, and formal operation began in the 
2019 KSTAR campaign. We have obtained CSS data from various plasma discharges, and will 
present CSS spectrograms for several plasmas such as H-mode and L-mode plasma. As shown in 
Fig 5.1, shot 21357 is a typical H-mode plasma made at the magnetic field 𝐵𝐵𝑡𝑡 = 1.8 T and plasma 
current 𝐼𝐼𝑝𝑝 = 700 kA, and the plasma was heated by 1.9 MW and 0.4 MW neutral beam injection 
(NBI) and 0.6 MW electron cyclotron resonant heating (ECH) at 105 GHz. The measurement 
position of CSS is R~210 cm (r/a~0.6). The CSS spectrogram after the L-H transition at 2 seconds 
shows a high-k turbulence reduction, which is similar to the experimental results from other 
Tokamak plasmas. Here, the negative (positive) frequency corresponds to fluctuations propagating 
in ion (electron) diamagnetic direction. What is noticed here is that the sawtooth activity occurs in 
the plasma core (seen from the core electron temperature) by the 105 GHz ECH and the turbulence 
spectrum gets slightly broader, which can be explained by increased plasma rotation speed after the 
L-H transition. Shot 21327 is also an H-mode discharge which was made at 𝐵𝐵𝑡𝑡 = 1.8 T and 𝐼𝐼𝑝𝑝 = 
700 kA, and heated by 1.6 MW NBI and 1.4 MW ECH. The measurement position of CSS is R~225 
cm in the pedestal area. A much greater reduction in high-k turbulence than in the H-mode core 
region is observed in shown Fig 5.2. Furthermore, after the RMP was applied in 5 seconds, and weak 
quasi-coherent turbulence around 300 kHz disappeared. Compared to the previous shot (21357) in 
which there was no response to the RMP, the RMP effect looks to be limited in the edge region.  
  The shot 21273 is an L-mode plasma which was made at the magnetic field 𝐵𝐵𝑡𝑡 = 1.9 T and 
plasma current 𝐼𝐼𝑝𝑝 = 550 kA, and heated by 1.0 MW NBI, and the CSS measurement position is 
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R~205 cm. After the plasma current ramp-up is finished, the CSS spectrogram is broadened to ~1.5 
MHz in the negative frequency and the broad fluctuation is reduced as the sawtooth instability occurs 
in the core region. Also, Top RMP was applied at 3.5 s, but there was no response, and when 
applying Mid RMP at 4 s, fluctuation of the positive on the CSS spectrogram almost disappeared. 
This result may imply that the RMP field from the middle-row coils more effectively penetrates into 
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Fig. 5.1 Plasma parameter and CSS spectrogram on CH.3 of Shot 22357 in H-mode plasma core. 
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Fig. 5.2 Plasma parameter and CSS spectrogram on CH.3 of Shot 21327 in H-mode plasma edge. 
- 54 - 
 
 
Fig. 5.3 Plasma parameter and CSS spectrogram on CH.3 of Shot 21273 in L-mode plasma. 
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5.2 Small-scale turbulence driven by electron 
temperature gradient 
 
As mentioned in section 1.2.1, the small-scale turbulence driven by the ETG mode increases as 
the electron temperature gradient increases. In the previous section, we showed turbulence changes 
in L-mode and H-mode plasmas. In order to clearly verify whether the CSS actually measured high-
k turbulence, we have compared the changes of the CSS spectrogram by increasing the electron 
temperature gradient near the plasma core using two ECH sources. For shot 22695 which was made 
at the magnetic field 𝐵𝐵𝑡𝑡 = 1.9 T and plasma current 𝐼𝐼𝑝𝑝 = 400 kA, the ECH2 (3-6 s, 0.8 MW, 105 
GHz) and ECH3 (4-7 s, 0.7 MW, 105 GHz) were injected near the plasma core, and the CSS 
measurement position was ~195 cm (r/a ~0.3). The CSS spectrogram and basic plasma parameters 
are shown in Fig. 5.4. Although the CSS spectrogram of all channels generally showed similar 
results for the shot. The change in CH.2 spectrogram which is related to 𝑘𝑘𝜃𝜃 ~18 cm−1 was most 
clearly seen. Due to 𝑘𝑘𝜃𝜃𝜌𝜌𝑒𝑒 =~0.12 and 𝑘𝑘𝜃𝜃𝜌𝜌𝑖𝑖 =~2.7 in this shot, it is presumed to be an increase in 
the turbulence amplitude caused by the ETG mode. This is because typical ITG mode and TEM are  
characterized by 𝑘𝑘𝜃𝜃𝜌𝜌𝑖𝑖 < 1. Although there is no change in the toroidal plasma velocity in core 
region, the measured fluctuation becomes stronger in the electron diamagnetic direction as sotronger 
ECH is injected as shown in Fig 5.5. Fig. 5.5 also shows radial profiles of the electron temperature 
profile, ion temperature, and electron density. Looking at the ion temperature profile and electron 
density profile, there is no significant change compared to the electron temperature profile. Also, by 
calculating the normalized scale length of 𝑇𝑇𝑒𝑒 at radius of measurement (𝑅𝑅/𝐿𝐿𝑇𝑇𝑒𝑒=R/(𝑑𝑑ln𝑇𝑇𝑒𝑒/𝑑𝑑𝑟𝑟)
−1) 
and comparing the total spectral power of the CSS spectrogram, it seems that there is a correlation 
between the two parameters.  
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Fig. 5.4 Plasma parameters and CSS spectrogram (from CH.2) for Shot 22695 measured from the 
plasma core. 
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Fig 5.5 Radial profiles of electron temperature profile (ECE), ion temperature (CES), electron 
density (TS), and toroidal rotation velocity (CES) for shot 22695. Comparison of R/𝐿𝐿𝑇𝑇𝑒𝑒 and total 
spectral power of CSS spectrogram. 
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5.3 Simultaneous measurement of ITG and TEM in  
the H-mode plasma pedestal region 
 
The ITG mode and TEM, known as two major micro-instabilities, can induce anomalous heat 
transport in the Tokamak plasmas. These modes are usually unstable in the long wavelengths limit such 






where 𝑇𝑇𝑖𝑖 is the ion temperature and 𝑚𝑚𝑖𝑖 is the ion mass). An important characteristic of these modes 
is the existence of an instability threshold. ITG mode is a drift wave rotating in the ion diamagnetic 
direction (the ion diamagnetic velocity is 𝑉𝑉𝑝𝑝𝑖𝑖∗ = 𝐵𝐵 ×
∇𝑝𝑝𝑖𝑖
𝑛𝑛𝑖𝑖𝑒𝑒𝑖𝑖𝐵𝐵2
, where 𝑛𝑛𝑖𝑖 is the ion density, 𝑝𝑝𝑖𝑖 is the ion 







. [21] JET 
experiments showed that the ion heat transports increase rapidly when R
𝐿𝐿𝑇𝑇𝑖𝑖
 exceeds the critical ion 







= �1 +  
𝑇𝑇𝑖𝑖
𝑇𝑇𝑒𝑒
𝑍𝑍eff� �1.33 + 1.91
𝑠𝑠
𝑞𝑞
�                    (5.1) 
 
where 𝑍𝑍eff  is the ionic effective charge, q and s are the safety factor, and the magnetic shear 
respectively. Unlike ITG mode, TEM instabilities usually rotate in the electron diamagnetic direction 
and are mostly driven through a resonant interaction of the modes with trapped electrons at the 
precession frequency. The threshold is a critical value of R
𝐿𝐿𝑇𝑇𝑒𝑒
 that depends on R
𝐿𝐿𝑛𝑛𝑒𝑒
 and the fraction of 
trapped electrons 𝑓𝑓𝑡𝑡 . Despite of different characteristics of these instabilities, even with similar 





Moreover, collisions can affect these modes directly or indirectly reducing the zonal flow. 
  These turbulence modes are interchange modes. Much higher above all thresholds, both modes 
combine and the growth rate is of the form (This paragraph closely follows the reference [23]) 
 
𝛾𝛾02 =  𝑓𝑓𝑡𝑡𝜔𝜔𝑑𝑑𝑒𝑒𝜔𝜔𝑝𝑝𝑒𝑒∗ + 𝜔𝜔𝑑𝑑𝑖𝑖𝜔𝜔𝑝𝑝𝑖𝑖∗                          (5.2) 
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where 𝜔𝜔𝑝𝑝𝑠𝑠∗ =  𝑘𝑘𝜃𝜃𝑉𝑉𝑝𝑝𝑠𝑠∗  and 𝜔𝜔𝑑𝑑𝑠𝑠 = 2𝑘𝑘𝜃𝜃𝜆𝜆𝑠𝑠𝑉𝑉𝑑𝑑𝑠𝑠 (𝑉𝑉𝑑𝑑𝑠𝑠 is the vertical drift velocity, 𝑉𝑉𝑑𝑑𝑠𝑠 =  −
2𝑇𝑇𝑠𝑠
𝑒𝑒𝑠𝑠𝐵𝐵𝑅𝑅
, 𝑘𝑘𝜃𝜃 is 
a poloidal wavenumber, and 𝑉𝑉𝑝𝑝𝑠𝑠∗ = 𝐵𝐵 ×
∇𝑝𝑝𝑠𝑠
𝑛𝑛𝑠𝑠𝑒𝑒𝑠𝑠𝐵𝐵2
 is the diamagnetic velocity of the species ‘s’). For 





 characterizes the dependence of the precession frequency on magnetic 
shear s, where 𝑠𝑠 =   𝑑𝑑 log(𝑞𝑞)
𝑑𝑑log(𝑟𝑟)
. For ion 𝜆𝜆𝑖𝑖 = < cos𝜃𝜃 + 𝑠𝑠𝜃𝜃 sin𝜃𝜃 > , where the bracket means an 
average over the mode poloidal structure. The particle flux of the species (‘s’) in a tokamak is written 
by 
 
Γ𝑠𝑠 =  −𝐷𝐷𝑠𝑠∇𝑛𝑛𝑠𝑠 + 𝑉𝑉𝑠𝑠𝑛𝑛𝑠𝑠                           (5.3) 
 
where 𝐷𝐷𝑠𝑠 is the diffusion coefficient, 𝑉𝑉𝑠𝑠 and 𝑛𝑛𝑠𝑠 are the pinch velocity and the density respectively. 
In plasmas without the neutral beam injection (NBI), the source of ionization is mainly peripheral, so 
that the particle flux in the core disappears. In conclusion, the ratio 𝑉𝑉𝑠𝑠
𝐷𝐷𝑠𝑠
 is a measure of particle density 
peaking of species (∇𝑛𝑛𝑠𝑠
𝑛𝑛𝑠𝑠
). The diffusion coefficient is found to be higher than the neoclassical value for 
usual cases. The situation is not clear for 𝑉𝑉𝑠𝑠, since the neoclassical contribution driven by the inductive 
field, the Ware pinch [24], is rarely negligible in most Tokamak experiments. In the theoretical point of 
view, two additional terms contribute to the turbulent pinch. One is related with thermos diffusion [25, 
26], and anticipates a pinch velocity proportional to the temperature gradient (∇𝑇𝑇𝑠𝑠
𝑇𝑇𝑠𝑠
) . The second 
contribution is proportional to the gradient and curvature of the magnetic field and is usually called the 
‘turbulence equi-partition’ (TEP) term. [27, 28, 29] This is somewhat misleading since the magnetic 
curvature is not a thermo-dynamical force, but rather a geometric effect. Namely, the actual thermo-
dynamical forces are the gradients of temperature and density multiplied by a geometric factor. This 
mechanism received some support from two-dimensional simulations of interchange turbulence [30] 
and TEM/ITG mode turbulence. [31] The link between particle transport and TEM was well 
investigated in connection with particle density transport barriers in Alcator C-Mod [32]. The physical 
cause of anomalous pinch comes from compressibility. In the limit of collisionless, the actual evolution 
equation of the density is 
 
(𝜕𝜕𝑡𝑡 + 𝑣𝑣𝐸𝐸 ∙ ∇)𝑛𝑛𝑒𝑒 =  𝑉𝑉𝑑𝑑𝑒𝑒 ∙ (𝑛𝑛𝑒𝑒∇∅ − ∇𝑝𝑝𝑒𝑒)                     (5.4) 
 
where 𝑣𝑣𝐸𝐸 and ∅ are the 𝐸𝐸 × 𝐵𝐵 drift velocity and electric potential. The compressibility terms in the 
- 60 - 
right hand side of this equation lead to non-diagonal contributions in the quasi-linear flux: 
 









𝑛𝑛𝑒𝑒�                    (5.5) 
 
𝐷𝐷𝑞𝑞𝐼𝐼  is the quasi-linear expression ( 𝐷𝐷𝑞𝑞𝐼𝐼 = ∑ |𝑘𝑘𝜃𝜃∅𝑘𝑘𝜔𝜔/𝐵𝐵|2𝑘𝑘𝜔𝜔 𝜏𝜏𝑐𝑐,𝑘𝑘 ) where 𝜏𝜏𝑐𝑐,𝑘𝑘  and ∅𝑘𝑘𝜔𝜔  are a 
correlation time and Fourier components of perturbed electric potential. The first term is a conventional 
diffusion. The second term in equation 5.5 indicates to the curvature of pinch. For the case of cold 
electrons (vanishing term of pressure), equation 5.4 shows that the density is totally determined by the 
electric potential fluctuations and curvature of drift. In case of trapped electrons, the advection term on 





. Thus, the curvature of pinch velocity is proportional to the magnetic shear. This is consistent 
with the turbulence equi-partition theory. [27, 28, 29] When TEM is dominant, 𝐶𝐶𝑞𝑞 = 𝜆𝜆𝑖𝑖 = < cos 𝜃𝜃 +
𝑠𝑠𝜃𝜃 sin𝜃𝜃 >, i.e. is linked to the ion vertical drift velocity. The dependence on magnetic shear relys on 
the degree of localization of modes on the low field side. For ballooning modes that a turbulence 




𝜃𝜃2 >. The third term of equation 5.5 is the contribution of thermos-diffusion. So, the expression of 𝐶𝐶𝑇𝑇 
is quite complicated. It is positive in a region dominated by ITG mode and decreases when moving to 
a region dominated by TEM. Hence this transition occurs with increasing ratio of electron to ion heating 
power. Based on these results, turbulence simulations show that 𝐶𝐶𝑇𝑇 changes sign when this ratio is 
high enough. [23] Collisional detrapping plays an important role in this problem. It was shown in that 
the ratio V/D decreases with collisionality. [33] This process is effective when the detrapping collision 
frequency, 𝑣𝑣𝑒𝑒𝑖𝑖/ε , becomes larger than (𝑘𝑘𝜃𝜃𝜌𝜌𝑖𝑖)𝑣𝑣𝑇𝑇𝑖𝑖/𝑅𝑅 , which measures the electron precession 
frequency times a typical toroidal wavenumber. An effective value in collision frequency was defined 






)1/2. It is stressed here that the parameter 𝑣𝑣eff differs significantly 
from the conventional parameter 𝑣𝑣∗ = 𝑣𝑣𝑒𝑒𝑖𝑖𝑞𝑞𝑅𝑅/𝜀𝜀𝑎𝑎
3/2𝑣𝑣𝑇𝑇𝑒𝑒 for neoclassical transport. 
  With the collective scattering system, we observed density fluctuation in which each wavenumber 
channel rotates differently in the ion or electron diamagnetic direction in an H-mode plasma. Shot 
#23029 was made for an experiment for ELM control and mitigation by impurity drop (Boron Nitride) 
at magnetic field 1.9 T and plasma current 𝐼𝐼𝑝𝑝 = 700 kA. The measurement position corresponds to the 
pedestal top region (~210 - ~220 cm) considering the scattering volume. In CH.4 (~26 cm−1) and CH.3 
(~20 cm−1), fluctuations look to be rotating in the electron diamagnetic direction (stronger amplitude 
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in the negative frequency), but rotating in ion diamagnetic direction (stronger amplitude in the positive 
frequency) in CH.2 (~18 cm−1) as shown in Fig. 5.6 and 5.7. Impurity drop occurred at ~7 s, and then 
fluctuation corresponding to ~100 - ~300 kHz is reduced as the ELM is mitigated. In Fig. 5.8, electron 
density gradient decreases after the impurity drop but there is no significant change in the electron 
temperature. This may indicate that the fluctuation of the electron diamagnetic direction measured in 
CH.4 and CH.3 before the impurity is due to the TEM instabilities induced by the electron density 
gradient. Although the ion temperature profile near the measurement location did not change 
significantly, the fluctuation of the ion diamagnetic direction measured in CH.2 is presumed to be due 
to ITG mode by lower R/𝐿𝐿𝑇𝑇𝑖𝑖�𝑐𝑐𝑟𝑟𝑖𝑖𝑡𝑡. Since the edge density and temperature higher at the transition, the 
coexistence of two adjacent modes are a sufficiently possible interpretation. 
  Another possible interpretation is that the plasma poloidal rotation velocities in the lab-frame of the 
TEM turbulences of different wavenumbers are not the same by the difference in the 𝑬𝑬 × 𝑩𝑩 drift 
velocity. The 𝑬𝑬 × 𝑩𝑩 drift wave is induced by a spatially non-uniform radial electric field and creates 
the sheared flows. The plasma rotation velocity of the poloidal direction in the lab-frame is composed 
of 𝑬𝑬 × 𝑩𝑩 drift velocity and phase velocity of micro-turbulence (𝐯𝐯𝑙𝑙𝑎𝑎𝑙𝑙
𝑝𝑝𝑜𝑜𝑙𝑙 =  𝐯𝐯𝐸𝐸×𝐵𝐵 + 𝐯𝐯𝑝𝑝ℎ𝑎𝑎𝑠𝑠𝑒𝑒). 𝒗𝒗𝐸𝐸×𝐵𝐵 from 
the radial force balance equation is given by  
𝐯𝐯𝐸𝐸×𝐵𝐵  =  
∇𝑝𝑝𝑖𝑖
𝑒𝑒𝑍𝑍eff𝑛𝑛𝑖𝑖𝐵𝐵
 +  𝑉𝑉∅𝑖𝑖
𝐵𝐵𝜃𝜃
𝐵𝐵
∅�  +  𝑉𝑉𝜃𝜃𝑖𝑖
𝐵𝐵∅
𝐵𝐵
𝜃𝜃�                    (5.2) 
Where the pressure 𝑝𝑝𝑖𝑖, density 𝑛𝑛𝑖𝑖 are the parameter of the impurity or main ions with charge 𝑒𝑒𝑍𝑍eff, 
toroidal velocity 𝑉𝑉∅𝑖𝑖, poloidal velocity 𝑉𝑉𝜃𝜃𝑖𝑖, 𝐵𝐵𝜃𝜃 and 𝐵𝐵∅ are the poloidal and toroidal magnetic field 
respectively. This means that if the 𝑬𝑬 × 𝑩𝑩 drift velocity is much greater than the phase velocity of 
micro-turbulence in electron diamagnetic direction, TEM can be observed in the ion diamagnetic 
direction. This 𝑬𝑬 × 𝑩𝑩 flow shear exists mainly in the H-mode pedestal region with high pressure 
gradient. The CH.2, which has a larger scattering volume than CH.3 and 4, is measured in a region with 
probably a large 𝑬𝑬 × 𝑩𝑩 velocity, and fluctuation by TEM turbulence may rotate in the ion diamagnetic 
direction. In the future, it will be verified which interpretation is more appropriate through simulation 
results. 
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CSS spectrogram :: 23029 - Ch4
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Fig. 5.7 The CSS spectrogram on CH.3 and CH.2 of Shot 23029 in H-mode plasma 
CSS spectrogram :: 23029 - Ch3
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CSS spectrogram :: 23029 - Ch2
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Fig. 5.8 The electron density profile, the ion temperature profile, the electron temperature profile and 
plasma toroidal velocity for shot 23029 
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Chapter 6 
 
Summary and Conclusions 
 
The purpose of this thesis work was to measure electron gyro-scale turbulence such as ETG mode in KSTAR 
plasma. To achieve this goal, the collective scattering system (CSS) was designed, and a variety of laboratory 
test and subsidiary studies such as strip-grid beam splitter were conducted to share optical systems with MIR 
system. The CSS had been developed over four years and first installed in 2018 KSTAR campaign, and 
then normal operation began in 2019 KSTAR campaign. 
  The CSS with 300 GHz O-mode probe beam can measure the electron density fluctuation at four 
discrete poloidal wavenumbers (~14, ~18, ~20 and ~26 cm−1). The measurement position can be 
remotely changeable from the core to the outer edge shot-by-shot (r/a ~ 0.1-0.8). a nominal sampling 
rate is 10 MS/s (up to 20 MS/s) for full discharge pulse length. The spatial resolution is ~4-8 cm in 
the radial direction and ~1-2 cm in the poloidal direction. The wavenumber resolution is ∆𝑘𝑘⊥ ~ 0.7 
cm−1 which is based on the probe beam waist of ~ 3 cm. 
  In the 2019 KSTAR campaign, the data of various plasma discharges such as L-mode plasma, H-
mode plasma, and ITB plasma were obtained using the CSS. After the L-H transition, a significant 
decrease in high-k turbulence was observed, and the RMP configuration seems to affect the high-k 
turbulence. In addition, the coherent turbulences that other fluctuation diagnostics have not been 
able to measure in the ITB plasma have been measured in the CSS, and further research is needed 
to determine the role of coherent turbulence in ITB plasma. 
  Experiments were also performed on changes in high-k turbulence due to changes in electron 
temperature gradient. The total spectral power of fluctuations compared with the scale of 𝑇𝑇𝑒𝑒 at the 
radius of measurements. The observed fluctuations appear to be related to the electron temperature 
gradient. However, changes in average density and stored energy are also similar to those. It needs 
to be verified by comparison with a critical temperature gradient through simulation code. 
  The MHD instabilities such as ELM burst, Alfven eigenmode and ion gyro-scale fluctuation can 
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be measured in the CSS spectrogram, because the fluctuations in the vicinity of the measurement 
position are carried in the scattered beam like the interferometry. This interferometric signals are 
characterized by being symmetric on the CSS spectrogram. Therefore, when analyzing CSS data, it 
is necessary to perform comparative analysis with data from other diagnostics to prevent 
misinterpretation. 
  In conclusion, the CSS will make a great contribution to small scale turbulence studies such as its 
physical properties and suppression mechanism. Furthermore, we expect to make the contribution 
to the field of turbulence simulation of trapped electron mode (TEM) and ETG mode, which was 
difficult to prove experimentally. In the future, more intensive analyses of CSS data will be carried 
out for studies of physics associated with small scale turbulence such as characteristics of ETG or 
trapped electron mode (TEM) in KSTAR H-mode or hybrid mode edge and their contribution to the 
plasma performance *This work was supported by the Ministry of Science and ICT of Korea under the 
KSTAR project and the NRF of Korea under contract Nos. NRF-2014M1A7A1A03029865 and NRF-
2015M1A7A02002627. 
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Appendix 
A. 
1. Fourier transform and inverse Fourier transform: 






 𝑓𝑓(𝑟𝑟, 𝑡𝑡)𝑒𝑒−𝑖𝑖�𝑘𝑘�⃗ ·𝑟𝑟−𝜔𝜔𝑡𝑡�                   (A. 1) 
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            =  







= 𝐿𝐿𝑧𝑧 sinc �
𝑎𝑎𝐿𝐿𝑧𝑧
2
�                                    (A. 8) 
 
B. 
1. Product rule with del operator: 
∇�𝐴𝐴 · 𝐵𝐵�⃗ � = �𝐴𝐴 · ∇�𝐵𝐵�⃗ + �𝐵𝐵�⃗ · ∇�𝐴𝐴 + 𝐴𝐴 × �∇ × 𝐵𝐵�⃗ � + 𝐵𝐵�⃗ × �∇ × 𝐴𝐴�         (B. 1.1) 
𝐴𝐴 × (𝐵𝐵�⃗ × 𝐶𝐶)  =  𝐵𝐵�⃗ (𝐴𝐴 · 𝐶𝐶)����⃗ − 𝐶𝐶(𝐴𝐴 · 𝐵𝐵)����⃗                                  (𝐵𝐵. 1.2) 
2. First term of Eq. (2.23 (a)): 

























                       
= ?̇⃗?𝑣�𝑅𝑅�⃗ · ∇𝑡𝑡′�                                         (B. 2) 
3. Second term of Eq. (2.23 (a)): 
(?⃗?𝑣 · ∇)𝑅𝑅�⃗ = (?⃗?𝑣 · ∇)𝑟𝑟 − (?⃗?𝑣 · ∇)𝑟𝑟′���⃗                            (B. 3.1) 
= ?⃗?𝑣 − ?⃗?𝑣(?⃗?𝑣 · ∇𝑡𝑡′)                                (B. 3.2) 
4. Similar to Eq. (B.2), Eq. (B.3.1) becomes: 









� (𝑑𝑑𝑑𝑑� + 𝑑𝑑𝑑𝑑� + 𝑑𝑑?̂?𝑑) = ?⃗?𝑣              (B. 4) 
(?⃗?𝑣 · ∇)𝑟𝑟′���⃗ = ?⃗?𝑣(?⃗?𝑣 · ∇𝑡𝑡′)                              (B. 5) 
5. Third term of Eq. (2.23 (a)): 


















































= −?⃗?𝑎 × ∇𝑡𝑡′                                                                    (B. 6) 
- 70 - 
 
6. In the same way as Eq. (B.6), Fourth term of Eq. (2.23 (a)) becomes: 
∇ × 𝑅𝑅�⃗ =  ∇ × 𝑟𝑟 − ∇ × 𝑟𝑟′���⃗   
=  −?⃗?𝑣 × ∇𝑡𝑡′                                   (B. 7) 
where ∇ × 𝑟𝑟 = 0 
7. Calculation required for Eq. (2.30): 
From Fig. 2.3,  
𝑐𝑐(𝑡𝑡 − 𝑡𝑡′) = 𝑅𝑅  =>  𝑐𝑐2(𝑡𝑡 − 𝑡𝑡′)2 = 𝑅𝑅 = 𝑅𝑅�⃗ · 𝑅𝑅�⃗                      (B. 8) 
Differentiate with respect to 𝑡𝑡: 
2𝑐𝑐2(𝑡𝑡 − 𝑡𝑡′)�1 −
𝜕𝜕𝑡𝑡′
𝜕𝜕𝑡𝑡
� = 2𝑅𝑅�⃗ ·
𝜕𝜕𝑅𝑅�⃗
𝜕𝜕𝑡𝑡
  =>  𝑐𝑐𝑅𝑅 �1 −
𝜕𝜕𝑡𝑡′
𝜕𝜕𝑡𝑡
� = 𝑅𝑅�⃗ ·
𝜕𝜕𝑅𝑅�⃗
𝜕𝜕𝑡𝑡














 =>  𝑐𝑐𝑅𝑅 �1 −
𝜕𝜕𝑡𝑡′
𝜕𝜕𝑡𝑡




=>  𝑐𝑐𝑅𝑅 =
𝜕𝜕𝑡𝑡′
𝜕𝜕𝑡𝑡





�𝑐𝑐𝑅𝑅 − 𝑅𝑅�⃗ · ?⃗?𝑣�
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